Abstract: Structure and mechanical properties of ultra-high molecular weight polyethylene (UHMWPE) films of different draw ratios produced from gel-cast and meltcrystallised samples by multi-stage zone drawing have been studied in order to investigate the structural development and to clarify the role of interfaces between morphological units in the mechanical behaviour. The complex hierarchy of fibrillar structures generating upon neck formation is revealed. It is shown that the rearrangement of initial chain-folded crystallites into a microfibrillar structure occurs inside the volumes of supermolecular structures of larger sizes (spherulites in the melt-crystallised films and stacks of lamellae in the gel-crystallised films), the boundaries between the latter not having disappeared. Both the initial spherulites and stacks of lamellae with internally rearranged microfibrillar structure elongate upon drawing and comprise spindle-like units -macrofibrils -which are well resolved in scanning electron microscopy. Moreover, superfibrils have been revealed in the melt-crystallised films for the first time. They are, as suggested, the remnants of deformed and rearranged nascent polymer particles. Thus, the volume of the drawn films is considered to be full of interfaces. It is suggested that the majority of conformational defects, like chain ends, loops, tie molecules, entanglements, etc., are expelled from fibrillar crystallites in both intra-and interfibrillar regions. In addition to that, the interfibrillar spaces are crossed by tie molecules and micro-and macrofibrils. All of them hinder interfibrillar slip. The differences in creep and recovery of the investigated films are discussed in terms of density of packing and degree of connectivity of various scale fibrillar structural units. The lateral boundaries and the tips of fibrils are considered to be the weakest structural sites from which kink band formation and subsequent fracture of the loaded material begin.
Introduction
Over the last 25 years an impressive enhancement of mechanical properties of ultrahigh molecular weight polyethylene (UHMWPE) has been achieved [1, 2, 3] . Different techniques, the gel-technology in particular, have been developed to produce high strength/high modulus UHMWPE fibres and films [1, 3] . It is well known that gel-and melt-crystallised polyethylene samples demonstrate quite different abilities in plastic deformation and therefore possess various mechanical properties. The discrepancy in drawability is believed to be caused by differences in the initial structure of samples obtained from melt and semi-dilute solution (erroneously called 'gel') [4] . Usually it is attributed to a denser entanglement network in a melt as compared to that in solution from which the gel-cast samples are produced [5] . The existence of a well-developed morphology in original polymers is often ignored when the deformation process is modelled. However, the type and connectedness of original morphological units clearly play a role in the rearrangement of the initial structure into fibrils and inter-and intrafibrillar structures. This must significantly influence the deformation behaviour and the mechanical properties of the end product.
Our objective is to demonstrate the structural development upon drawing of gel-cast and melt-crystallised UHMWPE films and to make clear the role of interfibrillar space and fibrillar units in drawability, creep, recovery and fracture processes.
Experimental part

Mechanical testing
The melt-crystallised films of UHMWPE (STAMYLAN UH supplied by DSM, The Netherlands) with M w = 2.5 · 10 6 g/mol were obtained by pressing the nascent powders at 170°C and 150 atm between two metallic foils with subsequent quenching in icy acetone (-95°C). The films of the same UHMWPE were cast on the bottom of a glass vessel from 1.5% solution in decalin prepared at 160°C in accordance with the technique described in ref. [6] . They were air-dried for a couple of weeks. Both melt-crystallised (M) and gel-cast (G) films were cut into strips 1 mm wide and underwent multi-stage zone drawing on a local heater in the temperature range of 110 -135°C. This technique assumes pulling films loaded to a given amount past a narrow polished strip of metal (the heater) heated to the drawing temperature at the rate of 6 cm/min. Increasing the orientational load with subsequent passes permits to obtain drawn films with various, increasing draw ratios. Drawing occurs in a few stages, the temperature and orientational stress being increased on each subsequent stage until rupture of the sample [7] . The orienting stress at the first stage providing neck formation at 110°C was chosen on the basis of the analysis of the dependence of the draw ratio (DR) on the orienting stress (σ 0 ) obtained in advance. The value of σ 0 , corresponding to the bend of the DR(σ 0 ) curve, was considered as the optimum.
Short-term properties (tensile strength, initial modulus and strain at break) as well as long-term properties (creep and recovery) were investigated:
Tensile properties of the studied samples were determined using a universal Instron 1122 tensile tester. Specimen length was 30 mm, cross head speed was 20 mm/min. All tensile experiments were performed at room temperature.
Creep/recovery experiments were conducted on a home-made automatic relaxometer built in the department of Material Resistance of St. Petersburg State University of Technology and Design. Creep tests with 1 h loading time were performed at room temperature in dead loading mode at loads corresponding to 50% of the tensile strengths of the samples. The initial length of the samples was 50 mm. The change in sample length after unloading was measured during a period of time equal to the loading time.
Initial G and M samples and oriented films of different draw ratios produced from them were investigated with the help of scanning electron microscopy.
Scanning electron microscopy (SEM)
Only virgin surfaces of all samples were studied. Since nascent PE powder was interposed between two metallic foils when compression molded, none of the sides of the produced films was fit for microscopic investigation. In order to receive the virgin surface, the upper foil was separated from the PE film. The film on the bottom foil was placed in a special home-made vacuum box in such a way that nothing came in contact with its upper surface. The vacuum box was placed in a thermostat controlled room for re-melting of the film at 170°C and subsequently quenched in icy acetone. During drawing, the films were always in contact with the surface of a heater on their non-virgin side. The films exposed to creep experiments were investigated after being released from load. All films for microscopic investigations were glued by conductive glue to SEM holders, sputter coated with a layer of gold 10 -15 nm thick (EDWARDS Sputter Coater S150B) and studied in a DSM 950 and a JEOL 6300. The particles of nascent UHMWPE powders were sprayed on a conducting tape and also sputter coated with gold.
Results and discussion
In Tab. 1 the values of tensile strength (σ br ) and strain at break (ε br ) are given for all investigated samples. As anticipated, the M films could only be drawn up to a very low draw ratio (DR = 6), while the maximum DR of G films reached 105. This leads, naturally, to a dramatic difference in the mechanical properties. Maximum attainable tensile strength σ br for a G film is much higher than that for M films and attains a value of about 3 GPa. For both G and M films tensile strength increases with DR, while strain at break decreases. For a G film with ultimate draw ratio (DR = 105), ε br is 2.5 times less than that for an ultimately drawn M film. The left hand sides of Fig. 1 and Fig. 2 demonstrate creep As known from previous investigations of gel-spun drawn UHMWPE fibres [8, 9, 10] , the total deformation is a result of reversible and irreversible creep processes which occur simultaneously. Upon unloading the first part is completely reversed. Creep recovery experiments, wherein the elongation is measured after the load has been removed, show that part of elongation is reversible.
What immediately springs into eyes is that the reversible deformation is dominant in M films, while in all G films the irreversible contribution dominates. In addition to that, the total attainable deformation in G and M films differs dramatically, being equal to 53.6% in a G film with low draw ratio DR = 25 (elastic component is 0.52%) and only 3.5% in an ultimately drawn film with DR = 105 (elastic component is 1.32%). These results are in good agreement with our previous investigations [11, 12] . For ultimately drawn M films (DR = 6) the total attainable deformation is higher and equal to 44% (elastic component is 29.6%). It is even higher for M films with DR = 3 (a neck) and reaches 60%, the elastic component being 32% (Fig. 2) .
Such a big discrepancy in creep behaviour can be explained within the frame of a microfibrillar model of oriented polymers when also taking into account that creep and drawing are similar processes. These processes occur, however, on different timetemperature scales [13] . We assume that creep as well as drawing is mostly controlled by a slip of micro-and macrofibrillar units accompanied by gauche-trans transitions in chain segments localised in intra-and interfibrillar spaces [14] . It is now widely accepted that the fibrillar structure is generated at drawing upon neck formation via unfolding and re-crystallising of initial chain folded lamellar crystallites [15] . The parameters of fibrils are controlled by both initial morphology and the drawing time/temperature regime.
It is known that UHMWPE produced from semi-dilute solution consists of lamellae formed by the fold-chain crystallites with adjacent re-entry [16] . In SEM pictures (Fig.  3a) , however, only aggregates of these lamellae can be seen. The aggregates are weakly interconnected forming a very porous structure. It was not possible to resolve finer structures because weakly interconnected aggregates began to move under the electron beam at higher magnification. Loose packing facilitates sliding, rotating and mounting the piles of lamellae into a position which provides the effective unfolding of macromolecules and their re-crystallisation into a perfect but weakly interconnected fibrillar structure upon hot drawing. The M sample demonstrates banded spherulites (Fig. 3b ). This kind of morphology was also intensively examined by a number of authors [17, 18, 19] . It is believed that the lamellae inside spherulites are far from perfect and the lamellar crystals also contain a lot of irregular folds and double folds [20] . Both lamellae and spherulites are strongly interconnected by tie molecules forming a network of entanglements because of the high viscosity of the melt and the large reptation time of UHMWPE macromolecules. During drawing the initial structure is also reorganised into a fibrillar one but the imperfection of the morphology in the unoriented state leads to formation of fibrils, which are less perfect when compared to those in G films. The molecular segments connecting the lamellae in the original structure predominantly build up the space between microfibrils. As stated earlier [21] from the analysis of X-ray data and results obtained by ESR probe technique [16, 22] , the density of interfibrillar space in M films is higher than in G films. One could suggest that various conformational defects, like chain ends, loops, trapped entanglements, tie molecules, etc., are more or less expelled from the newly formed crystallites both in intra-and interfibrillar disordered regions. It should, undoubtedly, hinder interfibrillar slip. These defects have to be pushed out into the intra-or interfibrillar space because there is not enough free volume for them in the crystallites.
One should also note that there are various levels of fibrillar organisation in oriented melt-crystallised films. The rearrangement of lamellae into microfibrils in M films occurs within the spherulite volumes, the boundaries between the spherulites never being lost. During drawing, the recrystallised spherulitic volumes elongate and form macrofibrils (Fig. 4) . They, in turn, may form macrofibrillar bundles -elongated spindle-like morphological units -which we call superfibrils (Fig. 5) . The superfibrils are only observed at low magnifications. They have never been observed in the oriented melt-crystallised drawn films of PE with conventional M w . The existence of superfibrils is probably caused by non-uniformity of melt-crystallised UHMWPE films originating from an inhomogeneous melt. As was mentioned in the Experimental part, the investigated films were prepared by compression of nascent UHMWPE powder at 175°C with subsequent quenching. This temperature is obviously too low to provide a homogeneous melt and to totally destroy the boundaries between the original nascent particles due to the high viscosity and long reptation time of the UHMWPE melt. On the other hand, a higher temperature of compression molding could result in macromolecular degradation. During orientational drawing, the remnants of initial nascent particles transform into superfibrils. The average diameter of nascent STAMYLAN particles is about 100 µm (Fig. 6 ). If we assume that a particle's volume remains almost intact upon drawing, its transverse size in a film with DR = 6 should be about 15 µm, which is consistent with the sizes of superfibrils in Fig. 5 . All of this makes the structure of the drawn M films extremely non-uniform, which cannot but influence their mechanical behaviour. In the necked G films one can also observe the macrofibrils (Fig. 7) which originate, obviously, from the original piles of lamellae which have been re-crystallised into microfibrils. It is seen, however, that some of the lamellar piles are still not rearranged during the first stage of drawing.
The newly formed macrofibrillar aggregates in G films are poorly packed and big voids exist between them. Macrofibrillar units in M films are shorter than those in G films and more densely packed, but the boundaries between deformed macro-and superfibrils are, however, well pronounced (Figs. 4 and 7) . After necking, when the process of rearrangement of the initial structure into a microfibrillar structure finishes, further drawing occurs via slippage of all fibrillar morphological units along one another. It is accompanied by intracrystalline slip, migration of defects through crystallites, an increase in orientation of molecular segments in disordered intra-and interfibrillar regions and an increasing amount of taut tie molecules. As a result, the structure of inter-and intrafibrillar space becomes more perfect due to gauche-trans transitions in tie molecules and disentangling of non-trapped entanglements. The geometrical sizes of microfibrils practically do not change. At the same time, macro-and superfibrils become thinner and longer and the fibrillar structure becomes more densely packed. The drawability depends both on the connectivity of micro-, macro-and superfibrils and on the density of fibrillar packing. G and M films demonstrate quite different abilities in drawing after neck formation, i.e., different potentiality in the slip of fibrils. The necked (i.e., fibrillar) M films could be drawn twofold, whereas necked G films could be drawn more than 13 times (DR in necked G samples is about 8). We suggest that the obstacles to slip of fibrillar units cannot only be tie molecules, trapped entanglements and other defects located between microfibrils but also the microfibrils themselves (those microfibrils which are simultaneously involved in building the neighbouring macrofibrils). The macrofibrils which build the neighbouring superfibrils or layers also hinder plastic deformation of the fibrillar structure.
In M films the amount of micro-and macrofibrils presenting obstacles to slip is very high. This can be clearly seen upon examination of a split part of an oriented M film (Fig. 8a) . Such splitting appears during drawing of the UHMWPE films and reveals the structure of the interfibrillar space. A lot of tie fibrils are oriented not parallel to the drawing direction, but almost perpendicular to it. One can suggest that upon loading during drawing the tie fibrils were oriented in drawing direction, but after unloading they relaxed and pulled the macrofibrils into their previous state. Besides, the tie fibrils are heavily interwoven.
On the contrary, the connectivity of micro-and macrofibrils in G films is weak [22] ; the microfibrils are not interwoven (Fig. 8b) as in the case of M films. This explains the higher stress which is needed for drawing M samples as compared to G samples. The drawing is arrested when the potentiality in interfibrillar slip under given conditions is exhausted. . That means that they should not have a large reserve of plasticity at room temperature. If we accept that interfibrillar slip controls the drawing to a great extent, one should assume that creep is strongly influenced by the structure of interfibrillar spaces, too, i.e. by connectivity and density of the packing of fibrillar structural units.
It was found that G films with DR = 25 (in which interfibrillar slip was still not exhausted) could be further drawn: up to 53.6% during 60 min-creep under the action of applied stress at room temperature (Fig.1a) . Plastic deformation occurring upon orientational drawing is not reversible, therefore, the attainable deformation cannot relax during recovery experiments (during the next 60 min) (Fig. 1b) . The creeprecovery test shows that elastic (reversible) deformation in the G film with DR = 25 is only about 0.68%. A similar behaviour is also observed in the oriented G film with λ = 65. However, this film already possesses a well-oriented structure and, hence, has less potentiality for further drawing. As a result of this, the maximum achieved deformation in creep is about half (23%) that for a film with DR = 25. The reversible deformation is 1%.
The ultimately drawn G film (DR = 105) has a perfectly oriented macro-and microfibrillar structure. The fibrils are weakly bounded but the density of fibrillar packing is higher than in G films with lower DR since with drawing the density of microfibrillar packing increases due to the action of transverse compressive forces. High packing of the interfibrillar structure results in a high friction coefficient of interfibrillar slip. The further deformation (both in drawing and in creep) of the G film with DR = 105 is arrested through exhaustion of microfibrillar slip. Interfibrillar slip is also hindered by taut tie molecules connecting neighbouring fibrils and by entanglements of various types. A slippage can occur provided that a load applied to a sample upon the creep experiment ruptures tie molecules, generates intracrystalline shear, overcomes friction barriers, and disentangles or ruptures interpenetrated molecular segments. As was shown in ref. [23] , creep deformation of such films can only be caused by molecular scissions and rupture of fibrils that could assist slippage of fibrils along each other. This makes it clear why creep induced deformation in an ultimately drawn UHMWPE G film is as low as 3.5% (reversible deformation is 1.3%).
The deformation behaviour of drawn M films was observed to differ from G films. An M film with DR = 3.5 could be stretched during a 60 min creep experiment by up to 60%, which is close to the deformation reached in creep experiments of a G film with DR = 25. However, the largest portion of this deformation is reversible (32%). A large amount of interfibrillar molecules and interwoven microfibrils in M films are obviously responsible for the high creep and the high degree of recoverable deformation. The unloading of oriented M films releases the stress on tie molecules and interwoven microfibrils, that provides the reverse fibrillar slippage. It is pronounced in a fast relaxation of the M film from 60.1% to 28% (in a few seconds). The internal microfibrillar structure, however, remains practically intact. The molecules in the interfibrillar space act like a rubber component between hard fibrillar units and try to pull fibrils back to their previous state. The residual (plastic) deformation (20%) could be caused by additional orientational drawing at room temperature.
Total creep deformation of an ultimately drawn M film with DR = 6 (44%) is also much higher than for an ultimately drawn G film with DR = 105 (3.5%). However, the residual deformation (7.4%) could partly have resulted from rupture of interfibrillar molecules and/or micro-and macrofibrils. In other words, the M films which are unloaded after orientational drawing contain a lot of relaxed tie molecules and interwoven microfibrils in interfibrillar spaces, that can very well account for the high degree of relaxed deformation in creep-recovery experiments (see Fig. 8a ).
In view of the complex non-uniform micro-and macro-fibrillar structure and the existence of superfibrils and macrofibrillar layers, one should accept an oriented polymer as a volume full of interfaces. The existing boundaries in the initial unoriented structure are never lost and even have a memory about the boundaries between the nascent particles in the case of M samples.
Optical microscopy of the loaded orienting films indicates that upon drawing up to the ultimate draw ratio, M and G films become white because of the formation of kink bands. The process of kinking is explained in detail in ref. [24] . It was recognised that the kink bands arise under the action of compressive forces which are generated due to fracture of the weakest macro-and macrofibrils and release of the elastic energy stored in them. In Fig. 9 , a SEM image of a typical kink band shape in an UHMWPE oriented G film is given.
Kink bands in G films have a length of tens of microns in the direction transverse to the draw direction and have rather sharp boundaries. Such a kind of kink band is assumed to be formed because of the rupture of large morphological units like macrofibrillar layers and the release of a large amount of stored energy. A sample of a broken macrofibrillar layer is shown in Fig. 10 . It is to be noted that the edge of the layer was fused, which suggests that the released energy was enough even for local heating of the sample above the melting point.
The same effect was also observed upon dead loading of UHMWPE oriented G and M films. In Fig. 11 , kink bands arising during creep experiments in G films are shown. It is clearly seen that kink bands are propagating over a large distance in the direction transverse to axis of drawing. Distinct from the G samples, the kink bands in M samples are located in a very special way, along the boundaries of macrofibrils (Fig. 12a,b) . Unlike the long kink bands with sharp edges in G films, the kinks in M films are shorter and have a smooth shape (see Fig. 12 ). This shape is not considered to be dangerous as far as the generation of microcracks is concerned. We assume that these kink bands might be smoothed out upon loading and straining. This specific localisation of kink bands implies their formation due to rupture of tie microfibrils connecting neighbouring macrofibrils and preventing slip propagation. With drawing, the resistance of interfibrillar tie molecules to slippage of morphological units in an M film increases and results in a rise of orienting stress. The growing orienting stress, in its turn, causes the fracture of the weakest macro-or microfibrils and leads to the generation of compressive forces and formation of kink bands. The localisation of kinks suggests that the weakest sites in drawn M films are those of contact between the lateral sides and the ends of fibrils and superfibrils (see Figs. 5 and 12) . Moreover, it indicates the cooperative character of plastic deformation. The observation of kink band generation on creep confirms a similarity between the deformation mechanisms during drawing and creep in spite of the different timetemperature scales of their occurrence. Fracture of microfibrils on the kink boundaries and accumulation of submicroscopical cracks facilitate the main crack propagation and arrest both drawing and creep due to fracture of the orienting sample.
Conclusion
The interfibrillar slip governs creep and recovery of oriented melt-crystallised and gelcast UHMWPE films to a great extent. It is controlled by the structural organisation of interfibrillar spaces and by the density of fibrillar packing. Both of them depend on the initial morphology of unoriented films and change with draw ratio. The connectivity of various fibrillar units in melt-crystallised drawn films of any draw ratio is much higher than that in gel-cast drawn samples.
Interfibrillar tie molecules, trapped entanglements and intermacrofibrillar microfibrils in the melt-crystallised samples, which stretch upon drawing and prevent a high draw ratio, relax after the release of the orienting stress. Then, in dead load creep experi-
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ments they operate like a rubber component, which explains the large reversible creep of melt-crystallised samples.
The fibrils in drawn gel-cast films are poorly connected but densely packed, especially in the ultimately drawn samples. The high friction coefficient of interfibrillar slip provides a low creep and a low reversible component in creep deformation of these samples.
Necked samples of melt-crystallised and gel-cast films have a higher irreversible component, because there are still not fully stretched interfibrillar tie structural units in the former, and the fibrils are still not very densely packed in the latter.
Interfibrillar slip during both drawing and creep is accompanied by scission of tie molecules and microfibrils which leads to kink band formation comprising large scale defects.
The understanding of the role of interfibrillar molecules in drawing opens a route for the scientifically-based production of polymer fibres with desirable properties. Changing the molar mass, the molar mass distribution and the conditions of formation of the initial morphology, one can control the mechanical characteristics of the end product and the relationships between strength and hardness.
